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The structure of ' Nd has been studied via the ' Te("0,4n) ' Nd and '"Te(' 0,4n) ' Nd reac-
tions at beam energies from 64 to 76 MeV and 72 to 76 MeV, respectively. In beam y-ray spec-
troscopy techniques, including y-ray excitation functions, y-y coincidences, and y-ray angular dis-
tribution measurements, were used to construct a level scheme up to J =17 at an excitation energy
of 6411 keV. Definite parity assignments were made up to the 11+ state. Two-particle
configurations were calculated with a shell model and a modified surface delta interaction.

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

The nuclei in the neutron deficient region below
Z &64, N & 82 have been predicted' to be highly de-
formed with 13)0.3 for the very neutron deficient nuclei,
such as ' Ce, ' Pr, ' Nd, and ' Pm. ' Pm is the
most notable, because it is much closer to the valley of
stability and can be reached easily via (heavy-ion, xn) re-
actions. Recent studies of light cerium isotopes show
that they are deformed and can be explained within the
triaxial-rotor plus particle model. The deformations
that have been extracted from the experimental level
structures are reproduced by the calculations performed
by Leander and Moiler. ' Light neodymium isotopes, al-
though less extensively studied, show the same behav-
ior. " Also, the most recent data" on the neutron
deficient Pm nuclei clearly exhibit a deformed structure.

As one goes towards the N =82 shell closure the rota-
tional structure begins to disappear and spherical single
particle configurations dominate the low-lying level
structure of the nuclei with N & 82; ' Ce and ' Nd are
very good examples of this type of structure. For in-
stance 7 isomers, at 2128 and 2222 keV, respectively,
in both nuclei can be explained' ' with a
(vh &&&zvd3/2)7 configuration and 10+ isomers at 3538
and 3622 keV, respectively, with a (vh

& &&& ), + con-

figuration. '

To further establish the onset of deformation at high
angular momentum in the Z & 64, N & 82 nuclei we have
initiated a program to study the high spin structure of
the N =80 isotones ' 'Pm and ' Nd. Although earlier
studies of ' Nd with heavy ions had established the y-
ray deexcitation scheme up to 6408 keV, these results'
did not provide definite spin-parity assignments for
higher angular momentum states. In the present paper
we report on our measurements of the y-ray deexcitation
scheme of ' Nd populated with ' ' 0 beams where the
' 0 beam was chosen to complement our concurrent
study' of ' 'Pm with a ' F beam. Preliminary results of
our ' Nd measurements have been presented. ' '

The nucleus ' Nd was populated with a heavy-ion
fusion evaporation reaction using ' ' 0 beams from the
Yale MP tandem Van de Graaff accelerator. Isotopical-
ly enriched ' ' Te targets (=1 mg/cm ) were evaporat-
ed onto Au and Bi foils of =10 mg/cm . In the experi-
ment the beam was stopped in the target assembly by us-
ing a very thick natural lead foil which was placed im-
mediately after the target backing.

The y-ray deexcitation of the nuclei produced in these
interactions was studied by standard y-ray spectroscopy
techniques. The y rays were detected with three ger-
manium detectors: an n-type high purity germanium co-
axial "gamma-x" detector with an efficiency of =25%
and a nominal total active area of 85 cm, a Ge(Li)
detector with an efficiency of 20% and a nominal active
volume of 100 cm, and a 12%%uo Ge(Li) detector with a
nominal active volume of 65 cm . [All efficiences are rel-
ative to a 7.6)& 7.6 cm NaI(T1) scintillator. ] Typical en-
ergy resolutions of these detectors for our measurements
were 2.75, 2.25, and 2.75 keV full width at half max-
imum (FWHM), respectively, at 1332 keV.

Gamma-ray excitation functions were measured for a
beam energy of 64—76 MeV for ' 0 and 72 —76 MeV for
' 0 in 2 MeV steps. Gamma-ray yields were normalized
using Coulomb excitation lines of the Te target in each
spectrum. Gamma-gamma coincidence measurements
were made with the ' Te target. The ' Te target was
used for angular distribution measurements.

The optimum beam energies for populating the 4n
(' Nd) channel were determined to be 72 and 76 MeV
for the ' 0 and ' 0 beams, respectively, by examining
several strong y-ray transitions in ' Nd, such as the
three transitions below the 7 isomer and the one feed-
ing this isomer. The large difference between these two
optimum energies for the 4n (' Nd) channel was be-
cause the ' Te target had alloyed with the Bi backing.

In our y-y coincidence measurements three types of
coincidence events were recorded utilizing the three Ge
detectors placed at 90, 0 ', and —90 ' with respect to
beam line. The electronic time resolution obtained in

36 2371 1987 The American Physical Society



2372 E. GULMEZ, H. LI, AND J. A. CIZEWSKI 36

an.

(a) l9I

I77 w 2I3
IOI8

I—

0

2000

II9

258

72

728

COf-3
z,'

O
(32—

0
0

Oco
~Men.' ~/

—
I ~II)~

250 500

D
~QCGRQ con ~~I a u)

LA

/
cn cn

I

750 IOOO

(keV~

W I

CU NCU

I250

IOOO—

0

576

400 800

E~ (k8V)

868

l 200

FICs. 1. Spectrum of coincident gamma rays observed in the
20% Ge(Li) detector for the ' 0+ ' Te reaction.
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this experiment was =20 ns. A total of 41 million raw
events was recorded event by event on magnetic tapes
for subsequent off-line analysis. These data were ana-
lyzed first by sorting into a 2800)&2800 E1)&E2 matrix
and then adding the corresponding rows and columns
for a specific gate, thus doubling the statistics. Figure 1

shows a spectrum taken with the 20% Ge(Li) detector of
all prompt y rays coincident between this and the
gamma-x detector. Figure 2 shows several coincidence
spectra gated by specific lines.

The angular distribution measurements were carried
out with a ' 0 beam energy of 76 MeV on the ' Te tar-
get. Data were collected from 0 to 90, with respect to
the beam, in 15' increments. The data at different an-
gles were normalized using the yields of the three isotro-
pic transitions below the 0.6 ms 7 isomer. ' The accu-
racy in the normalization factors was better than 2%%uo.

Gamma-ray efficiencies of the system were determined
by using ' Eu and ' Ba y-ray sources. The peak areas
as functions of angle were fitted with a fourth order
truncated Legendre polynomial:

W(0) = A 0+ A zP~(cosO)+ A4P4(cosO)

and corrected for the solid angle effects. Angular distri-
bution coefficients and intensities of y rays extracted are
listed in Tables I and II.

In using the angular distribution coefficients to assign
multipolarities to transitions we assumed that, ' (a) pure
J+2~J transitions have Az &0, A«0, (b) J+1~J
transitions have A4)0 for all mixing ratios, (c) J~J
transitions have A4 (0 for all mixing ratios, and that
the transitions are stretched, i.e. , only J + 2~J,
J + 1~J, or J~J, given the previously established' J"
values. With these assumptions we can extract attenua-
tion coefficients az for the nuclear alignment; we find
az & 0.5 for all transitions.
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gating on the 181, 868, and 721 keV transitions in ' Nd.
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III. LEVEL SPECTRUM

TABLE I. Results from angular distribution measurements
of transitions in ' Nd. The angular distribution coefticients
were determined with Eq. (1). The results are further discussed
in Ref. 16 where sample fits are presented.

E (keV)

90.06(3)
119.95(4)
144.78(6)
166.57(4)
174.84(6)
177.38(4)
181.91(4)
188.95(4)
191.09(4)
212.48(4)'
215.28(3)
240.56(5)
258.53(4)
291.77(5)
419.49(5)
439.85(6)
474.01(7)
483.86(7)
505.27(8)
544.44(9)
564.42(8)
576.17(8)
695.51(9)
720.96(9)
728.60(8)
773.85(9)
797.8(1)
840.4(1)
868.4(1)
923.3(1)
963.0(1)

1018.2(1)
1028.8(1)
1233.5(2)
1267.5 (2)
1293.6(2)

'Composite line.

A2/AP

—0.05(3)
—0.18(6)
—0.31(9)
—0.05(4)
—0.26(8)
—0.38(2)
—0.24(2)
—0.25(2)
—0.09(2)
—0.19(3)
—0.41(1)
—0.35(5)
—0.26(3)
—0.42(5)
—0.01(1)
—0.59(3)
—0.14(7)

0.70(9)
—0.29(9)
—0.29(8)

0.33(6)
—0.80(4)
—0.10(4)
—0.27(2)
—0.25(2)

0.01(1)
—0.37(4)

0.25(2)
0.18(1)
0.30(3)
0.17(4)

—0.86(1)
0.01(1)
0.29(4)
0.16(6)

—0.70(4)

~4/~p
—0.20(3)
—0.06(7)

0.01(11)
—0.08(5)

0.19(12)
—0.01(3)
—0.04(3)

0.01(3)
—0.07(2)
—0.12(4)
—0.01(1)

0.02(6)
0.00(4)
0.02(6)
0.02(1)
0.30(3)

—0.05(10)
—0.25(11)
—0.27(12)

0.04(11)
—0.12(8)

0.21(5)
0.05(4)
0.08(2)
0.06(2)
0.02(1)
0.02(5)

—0.02(2)
—0.06(1)
—0.10(3)
—0.16(4)

0.19(1)
0.02(1)

—0.06(5)
—0.06(8)

0.06(5)

5+4.3

—0, 4 '030.4

1:5
+1.5

0 25+0.25

—0.8+"

—0. 15

—1.9+,",

4+1
3+ 1.6

—0.25+0.20

7+0.5

—0.4+,",

Combining the results of the y-y coincidence, angular
distribution, and excitation function measurements, the
deexcitation scheme in Fig. 3 was deduced. The half-
lives of the isomers and the multipolarities of the transi-
tions below the 7 isomer were taken from Ref. 17.

For the most part our level spectrum agrees with that
reported by Ludziejewski and Arnold' and Merdinger. '

Below the 3455 keV 9 level our spectrum is identical to
that previously reported by Ludziejewski and Arnold,
with little differences in the energies of the transitions.
We determined the parity of the 2366 keV level to be
positive, based on the multipolarity that we extracted
from angular distribution measurements for the 564 keV
transition which depopulates it. Although the 90 keV

transition was not seen strongly in the 474 and 695 keV
gates, we placed it because of the prompt coincidence
between the 474, 695, 1028, and 773 keV transitions.
Because the (a, xn) reaction was used to populate ' Nd
in Ref. 12, above the 3455 keV level there is essentially
no similarity between the spectrum of Ref. 12 and that
shown in Fig. 3 ~

There are several differences between our deexcitation
scheme and that reported by Merdinger' from the

Te(' 0, 4ny) reaction. In Ref. 13 there are two cas-
cades feeding the 3455 keV 9 level. We also populate
these two cascades but with some changes in the order
of transitions in the cascades. In the cascade of the 213,
119, 720, 923, 181, and 240 keV transitions, we placed
the 119 keV transition above the 923 keV transition.
The intensity of this y ray and the relative strength of
this line in the 213, 720, and 923 keV prompt gates [Fig.
2(b)] do not allow us to place it directly above the 213
keV transition; rather it fits very well just above the 923
keV transition. The spin parity of the 3668.9 keV level
was assigned 10 by Merdinger. ' However, in our
spectra the 213 keV line belongs to a triplet, and there-
fore we do not make a definite multipolarity assignment
to this transition. However, our measurement is not in-
consistent with the 10 assignment to the 3668.9 keV
level. We also have a secondary cascade feeding the
4389.9 keV level, namely the 963 and 174 keV transi-
tions. We see a new transition feeding the 5614.6 keV
level.

In the second main cascade, the 505, 258, 212, 728,
188, 191, and 868 keV y rays, the y-y coincidence gates
for the 868 and 188 keV lines, and the intensity of the
191 keV line indicated the placement of the 191 keV line
above the 868 keV and below the 188 keV transitions
[Fig. 2(b)], inverting the order reported in the previous
work. ' In this cascade we have made definite spin-
parity assignments up to the 4324.0 keV level. (We are
limited to tentative assignments above this because the
188 and 191 keV lines are doublets in our spectra. ) The
earlier work assigned definite spin parity values only up
to the 3455 keV level. Only tentative spin values have
been assigned to levels above the 5432 keV level because
we were unable to assign a multipolarity to the 212 keV
line, a weak component of a triplet of lines in our spec-
tra. In addition to the two intense cascades reported
previously, ' we have placed several weaker transitions
in our deexcitation scheme shown in Fig. 3.

We have determined the half-life of the 10+ isomer at
3622.2 keV to be 25(8) ns, in agreement with the earlier
results' ' of Merdinger and co-workers reported as 22
ns and 32(1) ns. Given our coarse time resolution we
were unable to confirm the half-life of the reported'
0.25 ns 12+ isomer at 4515.1 keV.

IV. DISCUSSION

The ' Nd nucleus has ten protons outside of the
Z =50 core or four holes in the Z =64 core and two
holes in the N =82 core. With valence protons and neu-
trons, one would expect it to show vibrational excita-
tions at low energies and particle or hole excitations as
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the excitation energy increases.
To further understand the nature of the low-lying lev-

els and isomers one can look at the Nd systematics (Fig.
4) and X =80 systematics (Fig. 5). As seen in Fig. 5, the
excitation energies of the 7 and 10+ isomers do not
change substantially below or above the Z =64 shell
gap, hence indicating a similar structure for these states
for the N =80 isotones. However, when we examine the
Nd systematics in Fig. 4 the excitation energies of the
7 and 10+ isomers change dramatically. The g factor
measurement of the 10+ isomer' further supports the
interpretation as a neutron configuration, because the
measured value of —0.191(12) is exactly the single parti- Eg ——ej +e, +DE, (gi J2'J&gz) (2)

cle estimate for a neutron configuration. Therefore, we
can conclude that the low-lying levels in ' Nd, and in
particular the two 7 and 10+ isomers at excitation en-
ergies of 2222 and 3622 keV, respectively, should be
mostly two neutron hole excitations.

To gain a better understanding of the low-lying struc-
ture of ' Nd, we have performed a spherical shell model
calculation for two-particle configurations. The excita-
tion energies of the two-particle configurations can be
calculated simply by adding the single-particle energies
and the residual interaction energy as follows:

TABLE II. y-ray transitions placed in the deexcitation scheme of ' Nd. (The energies quoted in
the text are truncated to the nearest integer and the energies given in the level scheme of Fig. 3 are
rounded to the nearest 0.1 keV. )

E (keV)

90.06(3)
119.95(4)
144.78(6)
166.57(4)
174.84(6)
177.38(4)
181.91(4)
188.95(4)
191.09(4)
212.3(5)'
213.3(5)'
215.28(3)
240.56(5)
258.53(4)
291.77(5)
419.49(5)
439.85(6)
474.01(7)
483.86(7)
505.27(8)
544.44(9)
564.42(8)
576.17(8)
695.51(9)
720.96(9)
728.60(8)
773.85(9)
797.8(1)
840.4(1)
868.4(1)
923.3(1)
963.0(1)

1018.2(1)
1028.8(1)
1233.5(2)
1267.5 (2)
1293.6(2)

J; ~Jf"'
6+-5;

14(5432)~( 13 (5312))
6i+ ~7,
10i+ ~9

(14(5527) )~(13 (5352) )

8i 7q

( 15(5614))~ 14(5432)
13(4704)~ 12(4515 )

12(45 15)~ 1 1 i (4324)
( 15(5645) ) ~14(5432)

(10, )~9,
9i ~8,

( 16(5855))~( 15(5614))

(16(5903)) ~(15(5645) )

11i ~102
7, ~41+

6411~(15(5971))
4i+

12(4515) 10& (4031)
(17(6408))~(16(5903))
(16(6159))~(15(5614))

6+ 4+
102 ~9i
7~ ~6i+

( 1 12 (4389))~( 10i (3668))
14(5432)~ 13(4704)

2+ 0+
( 13 (5312))—~ 13(4704)

72 71

11i ~9,
(13 (5312))~(112(4389))
(13 (5352))~(112 (4389))

8i ~7i
4+ 2+
9i ~7i

( 15(5971))~ 13(4704)
11 i+ —+ 10i+

b

207(11)
109(8)
212(9)

77(6)
334(11)
327(11)
452(15)
542(16)
250(50)
350(50)

1072(26)
149(7)
231(9)
137(7)

1994(46)
331(12)

96(6)
85(6)
72(6)

103(6)
109(6)
200(9)

233(10)
350(11)
414(13)

2456(56)
127(6)

447(14)
954(24)

263(9)
229(10)

1000(28)
2425(56)

154(7)
119(5)
178(8)

Character

(E1)

(E1)

E2+M1

(E2+M1)
(AJ=1)

E2+M 1

E3"

E1

E2
E2+M 1

(E1)
E2+M1
E2+M1

E2"

E2+M1
E2
E2
E2

E2+M1
E2'
E2
E2

E2+M1
'Spin parity of the initial and final levels as assigned in the leVel scheme shown in Fig. 3.
Relative y-ray transition intensities normalized to the 1018 keV y-ray transition intensity. Errors on

the last digits are in parentheses.
'Energies and intensities determined from the y-y coincidence gates.
Multipolarities are taken from Refs. 12 and 13.
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FIG. 3. The deexcitation scheme of ' Nd obtained from the ' Tec', "0,4nyj reaction. See text for further discussion of spin, par-
ity, and isomer assignments.

where the e 's are the single-particle energies for the or-
bitals involved, and AEJ is the residual interaction ener-

gy shift.
In our calculations, a modified surface delta interac-

tion ' (MSDI) was used which is slightly different from
the simple 5 interaction used in the previous studies' of
shell model configurations in ' Nd in that the 6 interac-
tion is modified under the assumption of only a surface
interaction between nucleons. An isospin dependent
constant term is added to the 6-function residual interac-
tion in order to obtain a better fit. The final form of the
residual interaction becomes

Vq 4~Az-5(r, —R )6(——r R)$(Q,")+BT, —

where AT is the interaction strength, BT is the constant
isospin term, R is the radius of the nucleus, and 0," is
the solid angle between r, and r, the position vectors of
each particle. The two parameters, AT and BT, depend
on isospin T and are adjusted by equating the energies of
two excited states with fairly well-established
configurations, such as the 7 and 10+ isomers, to the

calculated values.
We shall limit ourselves to a configuration space for

neutrons: 3s f/2 2d3/2 2d5/2 1g7/2 and 1h &&/2, and for
protons: 2d5/2, 1g7/2 and 1h»/2. In this basis space
the only allowed configurations for the 7 and 10+ iso-
mers will be (vh &&&2vd&&z) and (vh &&&2), +, respective-—1 —1 —2

ly. As mentioned above, from these excited states we
can determine the interaction strength Az &

and the
isospin dependent constant term BT &. In principle,
these parameters determined from pure neutron
configurations should be valid for proton configurations.
However, since we are not carrying out a general shell
model fit, the interaction strength is expected to be
different from the pure neutron configuration because of
the Coulomb interaction. Hence, using the same B& and
assuming that the ground state has a (md ~zz ) +

configuration, we can determine the effective interaction
strength 3

&
for protons. The values of these parameters

are B& ——0.464 MeV; 3 &Ro
——0.575 MeV for neutrons,

and A, Ro=0. 861 MeV for protons. (Ro is a constant
coming from the radial parts of the wave functions. )

The single-particle energies can be determined from
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FIG. 4. The energy systematics of even-mass Nd nuclei (data taken from Refs. 17 and 25 —28).

the adjacent odd-mass nuclei. The neutron single-
particle energies relative to the ground state of ' Nd are
determined from the single-hole excitations in ' 'Nd
populated via the (p, d) reaction on ' Nd. For the pro-
tons, unfortunately, no single-particle transfer data are
available. Therefore, we assumed the low-lying excita-
tions in ' Pr to be single-particle excitations, which is
justified because the first few excited states in neighbor-
ing odd-proton nuclei are known to be single-particle ex-

citations from transfer reaction measurements (e.g. , Ref.
24). The single-particle energies used in our calculations
are summarized in Table III.

The results of our calculations are given in Fig. 6,
where we also compare our data with previous results.
The first 2+ energy calculated for any configuration is
much higher than the experimental value, indicating
that the 2&+ state is a collective excitation. On the other
hand, the calculated 4+ energies are closer to the experi-
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FICx. 5. The energy systematics of even-mass N =80 isotones (data taken from Refs. 26—30).
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FIG. 6. Results of the shell model calculations for two-particle configurations using a modified surface delta interaction of Ref.
21. The columns are as follows: tabulated energies from Nuclear Data Sheets (NDS) (Ref. 25), the spectrum deduced in Ref. 13
(Merdinger), the present results, two neutron-hole configurations (six different configurations), and two proton particle
configurations (six different configurations).

TABLE III. Summary of single-particle energies used in the
shell-model calculations for ' Nd.

Protons'
(MeV)

Neutrons
(MeV)

mental 4+ energy, indicating that the higher excitations
are less collective and can be understood in terms of
two-particle excitations.

For example, the 5 state at 2276 keV can be suggest-
ed as a combination of the (vh, , &2vd3/p)5 — and the

(vh &&&&vs &&2 ) configurations. In the same way the 7z,—1 —1

8&, and 9& states at 3062, 3240, and 3455 keV, respec-

4—

LLI

Z.'
LLI

O 2—

OC
LLJ

32 AS

0.6ms

+ 2
( I/2) IO+

6+ (m2 )6 -I -I -I
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+ 24
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erg 7 q2 . 0. 1 1
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Vd 3y2 .'0.0
vs &zz. 0. 19
VA II/2. 0.76
vd, /2: 1.20
Vg 7/2 ~ 1.33

2 c ol lect ive

'Proton single-particle energies are given relative to the ground
state of the "Pr nucleus (Ref. 23).
Neutron single-hole energies are given relative to the ground

state of the ' 'Nd nucleus (Ref. 22) ~
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FIG. 7. Summary of the low-lying structure of ' Nd.
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tD 5

C9

LLJ

Z.'
LLJ

2
&C

LLJ

(vh»/z) +, respectively. Although our suggestions on

the configurational structure are based only on the exci-
tation energy comparison, a diagonalization for the 5
state at 2276 keV has been performed and the resulting
component ratios are given in Fig. 7, which also summa-
rizes our results for the low-lying states.

That deformation does not set in at higher angular
momentum is illustrated in Fig. 8. For the higher excit-
ed states, the excitation energies follow a J (J -+ 1 )

dependence on average, but the average moment of iner-
tia one extracts of 2J/A =73 MeV ' is close to the rig-
id sphere value. Therefore, the angular momentum
arises from the alignment of the single particles and not
collective rotation.

V. SUMMARY

0 50 l00 I50 200 250 300 350
J (J+i )

FIG. 8. Excitation energy versus J (J + 1) for ' Nd.

tively, can be interpreted as two neutron-hole
configurations:

—1 —1 —1 —17z, (vh ii/2 g7/2)7 +(vh ii/2vds/z),
—1 —1 —1 —18t, (vh tt/2vg7/2)s +(vh )t/2vd)/q)s
—1 —19i, (vh ii/2vg7/2 9

— .

On the other hand, the lowest 6+ states could be a com-
bination of two proton states: predominantly (~g7/p) ~

with some (rrg7/&hards/z) +. The 7 and 10+ states at
2222 and 3622 keV are already known to have two
neutron-hole configurations, ( vh t ] /2 vd 3/2 ) and

We have measured the y-ray deexcitation of states in
Nd up to J = 17 and an excitation energy of 6411 keV.

The structure of the low-lying levels of ' Nd is dominat-
ed by two-neutron-hole configurations. Below the
Z =64 shell gap, the 7 and 10+ isomers in the N =80
nuclei are predominantly two neutron-hole states, name-
ly (vd3«vh»/z) and (vh»/z), +, respectively, a con-—1 —2

elusion supported by the X =80 systematics and g factor
measurement. ' There is no evidence for a change in
structure from a predominantly single particle to de-
formed collective as a function of angular momentum.
We shall investigate the effects of an extra proton out-
side of the ' Nd core in a forthcoming paper by study-
ing the deexcitation scheme of ' 'Pm populated in the

Te( ' F,4n) reaction.
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